Adaptive evolutionary change in only a few generations can increase the ability of non-native invasive species to spread, and yet adaptive divergence is rarely assessed in recently established populations. In this study, we experimentally test for evidence of fine-scale local adaptation in juvenile survival and growth among three populations of an invasive freshwater fish with reciprocal transplants and common-garden experiments. Despite intrinsic differences in habitat quality, in two of three populations we detected evidence of increased survival in 'home' versus 'away' environments with a Bayesian occupancy model fitted to mark -recapture data. We found support for the 'local' versus 'foreign' criterion of local adaptation as 14 of 15 pairwise comparisons of performance were consistent with local adaptation ( p , 0.001). Patterns in growth were less clear, though we detected evidence of location-and population-level effects. Although the agents of divergent ecological selection are not known in this system, our results combine to indicate that adaptive divergence-reflected by higher relative survival of local individuals-can occur in a small number of generations and only a few kilometres apart on the landscape.
Introduction
Theory predicts that in the absence of constraints, populations that experience divergent regimes of natural selection will evolve adaptations to local conditions [1] [2] [3] . Empirical evidence indicates that adaptive divergence of fitness-related traits can occur in a small number of generations [4, 5] and at fine spatial scales [6] . As a poignant example, green turtle (Chelonia mydas) embryos display adaptive responses to contrasting thermal regimes among nesting beaches only a few kilometres apart [7] . Much of what we have learned about the conditions that promote adaptive divergence, and the speed and form of that divergence, has emerged from the opportunistic natural experiments afforded by biological invasions (reviewed by earlier studies [8, 9] ) or natural range expansions into new habitats [10, 11] . It is increasingly clear that rapid evolutionary change can influence ecological dynamics in invaded ecosystems [12] , and that adaptive evolution can create positive feedbacks on the ability of invaders to successfully disperse and colonize novel environments [13, 14] . Despite its obvious importance, adaptation in recently established populations, and especially among vertebrates, is rarely assessed and even less frequently in situ.
In this study, we experimentally test for fine-scale local adaptation in three recently established populations of one of the world's worst alien invaders [15] with in situ reciprocal transplants and common-garden experiments. Brown trout (Salmo trutta) has been intentionally introduced to at least 42 countries on six continents [16] . Established populations can dramatically alter freshwater ecosystem functioning via trophic cascades [17] , can influence the evolutionary trajectories of prey species [18] , and are implicated in the extirpation of native fishes [19] . Brown trout populations in the native range display adaptation to local conditions at spatial scales in the hundreds of kilometres [20] , and evidence from other related species suggests the potential to adapt to conditions at even & 2012 The Author(s) Published by the Royal Society. All rights reserved.
finer spatial scales [21] . Although rapid development of reproductive isolation and divergence in neutral markers has been demonstrated in some established populations [22] , no study has tested explicitly for adaptive divergence. This lack of understanding currently impairs the ability to accurately gauge the speed and potential for established populations of brown trout to further invade around the globe [23] .
This study reports on the results of common-garden and in situ reciprocal transplant experiments designed to test simultaneously the home versus away and local versus foreign criteria of local adaptation [1] . Broadly speaking, these two criteria assess performance among and within environments. The home versus away criterion predicts that when local adaptation is present, individuals should perform better in their local conditions compared with foreign environments. Similarly, the local versus foreign criterion predicts that local individuals should consistently outperform foreign individuals within their home environments. Following the recommendations of earlier studies [1, 21] , we consider the local versus foreign criterion as diagnostic for the pattern of local adaptation as the home versus away criterion has the potential to confound local adaptation with inherent differences in habitat quality. Although evidence that satisfies both criteria intuitively is the most compelling, evidence for the local versus foreign criterion alone is as powerful as finding evidence for both [1] .
Methods (a) Study system
Brown trout, a member of the family Salmonidae, exhibits marked variability in its biology and ecology [24, 25] . An archetypical life history of brown trout includes autumn spawning in streams and rivers followed by protracted embryonic and larval development in gravel substrate. Young fish emerge to claim and maintain feeding territories in the spring. The period of freshwater residence is a critical period in the life history of such salmonids and a determinant of performance later in life [26, 27] . The native range of brown trout is Eurasian, but brown trout's reputation as a game fish led to widespread introductions around the globe [28] . The former British colony of Newfoundland was among the first North American locales to receive shipments of brown trout embryos from Europe in 1883 [29] .
Middle Rocky Brook is a small, unproductive, high-gradient stream that flows from its headwaters into landlocked Windsor Lake, which was the site of first introduction of trout to Newfoundland from Europe [30] . Approximately 4.5 km away flows the Rennies River, which since 1884 has received plantings of fish from the Windsor Lake source. The introduction of fish to the Rennies River watershed is notable as it represents the first location in Newfoundland with a traversable connection to the ocean, and thus represents the initial colonizing source for other watersheds. The Waterford River runs 6 km from the Rennies, though the timing of trout establishment here is unknown. Past work suggests that the initial source of the Waterford trout population was 'natural colonization' from the Rennies River watershed [30] . In contrast to Middle Rocky Brook, both the Rennies and Waterford are larger and deeper, are more productive, and have a lower gradient (table 1) . These populations currently display significant phenotype Â habitat correlations that are consistent with responses to divergent selection [31] , but the extent to which differences are adaptive is not known.
(b) Experimental animals
We captured wild adult trout and created 23 families by crossing eight unique sires and dams at the Middle Rocky and Rennies locations, and seven unique parents at the Waterford. An eighth To minimize any potential maternal effects resulting from the observed differences in egg size, embryos were incubated at the family level in standard hatchery trays on a common source of flow-through water at ambient temperature. Except for the one family from the Waterford that experienced 100 per cent mortality, survival during incubation was high (greater than 90% in all families). Fish were removed from incubator trays when their yolk sac had been nearly absorbed and they exhibited free-swimming behaviour. Individuals were housed temporarily as separate families to monitor the potential mortality during this stage and introduced to artificial food. After acclimation to commercial dry salmon feed, families from each population were combined into adjacently positioned communal 1 m 2 diameter tanks (one population per tank) as space limitations precluded separate rearing of families. Fish were kept on photoperiods that emulated natural day length (and adjusted periodically with seasonal changes), shared a common flow-through ambient water source and were fed ad libitum four to eight times daily.
In mid-July, 300 randomly chosen individuals from each of the three laboratory populations (hereafter 'laboratory-born') were lightly anaesthetized with MS-222, weighed to the nearest 0.0001 g on an analytical balance and photographed with a Nikon D300 (using 60 mm Micro Nikkor lens). Photographs were taken in a standardized position, and from the photos we quantified fork length to the nearest 0.5 mm in IMAGEJ (freely available at http://rsbweb.nih.gov/ij). Fish were then implanted with a passive integrated transponder (PIT) tag (length 8.4 mm, weight 64 mg, frequency 134.2 kHz; Biomark, Boise, ID) through a small vertical incision in the abdominal cavity and allowed to recover in common 1 m 2 circular tanks. Mortality as a result of tagging was very low (less than 2%), and there were no signs of tag loss. In virtually all cases, fish were feeding and behaving normally within a few hours.
To investigate potential effects of laboratory rearing prior to release, we captured 100 wild individuals (hereafter 'wild-born') of the same age and approximate size from each location, and brought them to the laboratory for tagging and sampling (see above). We were able to collect only 65 wild-born individuals at the Middle Rocky location as many of the young-of-year trout were less than the threshold size for tagging (approx. 50 mm) and as a result 48 per cent were larger (greater than 65 mm) yearlings. We chose not to tag additional large wild fish in order to avoid further confounding of the effect of population origin (i.e. wild-born) and size. To be clear, wild-born fish were not transplanted among environments, but were used as a comparison to laboratory-born individuals within locations.
In addition to fish destined for release, 50 additional individuals from each of the Middle Rocky, Rennies and Waterford laboratory-born populations were measured, PIT tagged and held in the laboratory to facilitate the tracking of individual growth in a controlled common environment.
(c) Reciprocal transplants
At each location, approximately 100 individuals from each of the four experimental groups (local wild-born, local laboratory-born and two foreign laboratory-born) were released. Counting errors and mortality in transit led to minor differences in the number of individuals released in each group (table 2) . However, we managed to tag only 65 wild-born individuals from the Middle Rocky Brook location as a result of naturally low numbers of wild fish available to sample. We conducted sampling to recapture tagged individuals beginning approximately 70 days post-release (DPR) and continuing to approximately 100 days DPR. We returned the following season to assess overwinter survival and performance (table 2; additional details in [34] ). Our goal was to search the length of the experimental rivers in their entirety in order to maximize tag recovery and to accurately gauge relative apparent survival between groups. Each section of river (delineated by major habitat categories) was sampled in an upstream direction with electrofishing. Captured fish, regardless of size, were removed and temporarily stored in aerated containers until the upstream part of the section was reached. All fish, including potential predators (large brown trout and American eels) that may have ingested a tagged trout, were then scanned for PIT tags with handheld readers (Pocket Reader, Biomark). We conducted additional upstream electrofishing passes when tagged individuals were recovered and repeated the sampling of sections until subsequent passes yielded no additional tags.
Recovered tagged individuals were recorded by river section, lightly anaesthetized, weighed (0.1 g) and photographed in the field using the same protocol and equipment used prior to release. After individuals had recovered from handling and anaesthesia, they were released near their site of capture at the end of the day.
(d) Estimating apparent survival and size-specific growth (i) Home versus away
We estimated 'home versus away' performance with a hierarchical Bayesian occupancy model, fitted to individual recapture histories [35] . Each season was allowed to have a unique survival rate, modelled on a daily interval ('autumn' ¼ 1 Oct -15 Nov, 'winter' ¼ 15 Nov-1 May, 'spring/summer' ¼ 1 May -15 Aug). We formulated a model that we felt captured the biology of the system. Specifically, within each season, we used the location of release as a proxy for environmental effects, experimental group ( population origin, laboratory-or wild-born) as a proxy for genetic effects and a model that included both terms as a proxy for gene by environment interactions (G Â E). Because of the large number of groups (location Â origin), we treated group as a random effect within each season, assuming that they were distributed around a common mean. Survival in stream-dwelling salmonids can be influenced by individual traits such as body size [36] or condition [37] ; therefore, we evaluated models that allowed individual covariates in survival. Survival was estimated while controlling for any effects of body size (i.e. length or weight) or condition (i.e. residuals from a log-log regression of length on weight) based on traits measured at the time of release. We interpret the body size covariate to capture both genetic differences and any lingering maternal effects among populations. Covariates were included in models individually to account for correlations between them, and their importance assessed via examination of posterior distributions. Posterior distributions with credible intervals not overlapping zero were included in final models. In addition, we compared models that allowed detection probability to be the same across sites to the performance of other models that allowed each site to have a unique detection probability. This allowed us to account for site-specific factors such as river width or depth that may have influenced detection. Note that this model assumes a closed system (i.e. that no emigration is possible). While this assumption is probably violated in our system, we attempted to select sites that would limit upstream passage (see the electronic supplementary material). Downstream passage was not restricted, but downstream habitats were sub-optimal, and we therefore assume that displacement downstream would be equivalent to mortality [38, 39] (but see [40] ). We used linear models in a selection framework using AIC c to test for differences in growth among groups and rearing locations. Analogous to our approach to quantify apparent survival, we fitted four ANOVAs with the following parameters (set as fixed factors): (i) population origin only (this includes wildproduced and laboratory-raised groups), (ii) location only, (iii) population Â location and (iv) a null model with all predictors set to zero. Specific growth rates were estimated for individuals that survived and were recaptured in the autumn as few recaptures precluded robust comparisons of growth among groups and locations over longer time periods. Because organism growth rate varies as a function of size, we used a standardized mass-specific growth rate (V), following Ostrovsky [41] , to quantify growth among groups while controlling for the effect of size:
where M 1 and M 2 are body mass (g) at the beginning and end of the experiment, respectively, time is the number of days between observations, and t is the species-specific allometric coefficient for the relationship between growth rate and body mass. We set t ¼ 0.308 as the value is well established in brown trout [42] . Growth data were examined for normality and met parametric assumptions of ANOVA prior to fitting. Again, we biologically interpret the importance of the population grouping term as evidence of genetic control over growth, the location term to be the role of environmental influence on growth, and the interaction between population origin and location as evidence of underlying genetic control on growth norms of reaction.
(
ii) Local versus foreign
Second, we quantified 'local versus foreign' performance using the log-odds ratio, following the approach of Fraser et al. [21] . For consistency with Fraser et al. [21] , we based performance on the relative proportion of recaptured local versus foreign individuals during the autumn period (approx. 70-100 DPR). We included individuals not observed in the autumn, but detected the subsequent year-and thus that must have been alive in the autumn-as 'recaptured'. Positive effect sizes were interpreted as evidence for local advantage, whereas negative effect sizes suggested the opposite. We treated both the wild-born and laboratory-born local groups within a location as 'local' when compared with other groups, and treated the wild-born individuals as 'local' when compared with their laboratory-born 'local' counterparts.
We then compared the number of comparisons that were positive (i.e. suggestive of local advantage) out of all the pair-wise comparisons against the expected binomial probability of 50 : 50. Similarly, we quantified and compared the number of pair-wise comparisons of mean growth (generated from 10 000 bootstraps of the data) where local exceeded foreign growth rates with binomial tests. Data are available at Dryad (http://dx.doi.org/ 10.5061/dryad.pc14j). . We observed that survival was independent of fish length or mass, but was positively related to individual condition (i.e. residuals from length-weight relationships). In other words, individuals that were heavy for their length survived at higher rates than individuals that were light for their length (see the electronic supplementary material, figure S1 ). We found evidence suggestive of sitespecific detection probability as models with variable detection probability parameters were more supported by the data (deviance information criterion scores were more than 100 units better), yet had negligible impact on differences in survival rates and did not alter interpretation of survival among locations. Detection was highest in Middle Rocky (13.2%, 95% CI 10.9-15.9%), lowest in Rennies (3.1%, 2-4%) and intermediate in the Waterford (7.9%, 6.1-10.2%), which scales with stream size (Middle Rocky , Waterford , Rennies; table 1).
Results (a) Home versus away criterion
Counter to predictions, growth rates were not highest for individuals when reared in local environments, but rather varied across locations consistent with intrinsic differences in habitat quality (table 1). In roughly 120 DPR, populations grew over twice as fast when reared in the Rennies and Waterford locations compared with the Middle Rocky, and faster yet in the common-laboratory environment (figure 2). Despite little evidence of local adaptation in growth, populations exhibited differential patterns of growth among locations, consistent with underlying gene Â environment interactions (ANOVA with population Â location term 17.4 likelihood units better than the next candidate model that contained only a location effect).
(b) Local versus foreign criterion
We found complementary evidence of local advantage based on the local versus foreign criteria with effect sizes and logodds ratios (figure 3) based on recovery data at 70 -100 DPR (table 2). In 15 pair-wise comparisons of the frequencies of recaptured individuals that were of local versus foreign origin, we detected evidence consistent with local advantage and immigrant inviability in 94 per cent of cases, which is unlikely to have resulted from chance alone ( p , 0.001). The one exception was the higher apparent survival of the Waterford group when reared in the Rennies. In addition, these comparisons indicated that wild-born individuals consistently outperformed both the foreign laboratoryborn groups and their laboratory-born locally produced counterparts. We found congruent results when survival probabilities from the occupancy model were used as fitness proxies (12/15 positive effect sizes, p , 0.05).
Again, patterns in growth were markedly less consistent than those based on survival (figure 2). Despite this variation, some evidence of local advantage in growth emerged. 
Discussion
Taken as a whole, our results indicate that established trout populations in Newfoundland-recently descended from common ancestors-have in several generations undergone adaptive evolutionary divergence. Local fish exhibited higher survival, and in some cases higher growth, than foreign individuals within an environment, and two of three populations survive better at home than when reared away. These results are congruent with theoretical predictions that divergent natural selection should, in the absence of substantial gene flow, lead to local adaptation [3] . The extent to which local adaptation is common in nature is unclear and potentially biased by the use of study systems that already reveal marked divergence. Tests for local adaptation are frequently conducted on highly phenotypically divergent populations, 'eco-types', or incipient biological species where adaptation is essentially a foregone conclusion [2] . By contrast, the extent of phenotypic divergence in the populations of trout we examined was not dramatic [31] , yet evidence of adaptation to local conditions was detected nonetheless.
Despite the widespread use of salmonids as classic models for the power of natural selection to drive adaptive divergence [43 -46] , few studies have directly tested for local adaptation in nature [20, 21] . Reciprocal transplant and common-garden experiments are effective ways to test for local adaptation [1] [2] [3] [47] ). No study we are aware of has used a three-population design, even though replication of n . 2 populations is necessary to show that differences are unlikely to be explained by population Â habitat interactions unrelated to divergent selection (discussed by Kawecki & Ebert [1] ). Non-genetic maternal effects can influence offspring performance in nature [48] ; however, our results are unlikely to reflect maternal contributions as the beneficial effects of egg size erode quickly with age [32] . We attempted to minimize the influence of any lingering maternal effects by rearing individuals for several months in common-laboratory conditions prior to their release into the wild, and controlled for individual body size and condition on survival. However, the potential for adaptive long-lasting maternal effects cannot entirely be ruled out. In addition, we compared performance in the wild of laboratory-born local groups with wild-born counterparts within an environment. Our findings of generally higher survival of wild-born individuals are consistent with growing evidence that salmonids can quickly adapt to laboratory conditions, which in turn can influence fitness in the wild [49, 50] .
Two of three populations, Middle Rocky Brook and Rennies, survived at higher rates at home than when reared away, despite intrinsic differences in habitat quality that may have served to mask this pattern. Laboratory-born Middle Rocky individuals survived better at home than when reared in either Rennies or Waterford, whereas laboratory-born Rennies individuals survived at comparable rates at home and in Waterford, but lower in Middle Rocky, and the laboratory-born Waterford individuals survived comparably well regardless of environment. These patterns may reflect, in part, parallel evolution to similar ecological selection in Rennies and Waterford as the biotic and abiotic are more similar to each other than to Middle Rocky Brook (table 1) . Indeed, similar environments often yield more similar patterns of ecological selection [3] . This pattern is consistent with other taxa where the degree of adaptive divergence scales with differences in ecological conditions and strength of divergent selection [51, 52] . An additional (but not mutually exclusive) explanation is that the homogenizing effect of gene flow between the Rennies and Waterford locations may result in similar survival responses to similar conditions. Indeed, gene flow (in the form of sea-going dispersers) is possible only between the Rennies and Waterford populations as they have traversable connections to the ocean, whereas Middle Rocky Brook is entirely landlocked.
In contrast to the above, our results clearly satisfy the 'local versus foreign' criterion, which is diagnostic of local adaption [1, 21] . Within a location, local individuals outperformed foreign groups in 14 of 15 and 12 of 15 pair-wise comparisons based on the frequency of recaptures and apparent survival estimates from the Bayesian occupancy model as proxies for fitness, respectively. These results are consistent with local adaptation and immigrant inviability, and are unlikely to reflect chance alone. By placing our results into the context of the review by Fraser et al. [21] , we observed that the magnitude of our effect sizes was generally as large as those at similar spatial scales and that our results filled a spatial gap of examination (figure 2). The magnitude of the effect sizes may reflect the recent origins of these populations and an ongoing invasion process, and is suggestive of strong Effect size (log-odds ratio) of local versus foreign performance within environments as a function of spatial distance between populations (e.g. points at the 1000 km scale represent comparisons between populations that have evolved 1000 km apart from each other on the landscape). Grey points are data from figure 2 of Fraser et al. [21] , and black points are data from this study. Points above the horizontal line are consistent with local adaptation, whereas points below suggest the opposite.
divergent selection. The majority of studies reported by Fraser et al. [21] were conducted on anadromous populations situated more than 50 km apart on the landscape, whereas we examined adaptation in situ among landlocked and facultatively anadromous populations less than 10 km apart. Why studies have, until now, focused at larger spatial scales is not clear, but perhaps reflect assumptions about the scale at which adaptation can operate. The results presented here, combined with evidence by Meier et al. [20] , indicate that adaptation at fine spatial scales can occur. We observed that wild-born individuals tended to survive at higher rates than their laboratory-born counterparts within an environment, which is consistent with current literature [53, 54] . The differential performance between laboratory-born and wild-born groups may reflect behavioural responses to early-life-history rearing conditions, rather than genetic effects per se [55] . Prior to sampling and tagging, wild-born groups would have had the opportunity to acquire feeding territories in Middle Rocky Brook, Rennies and Waterford. The acquisition and maintenance of feeding territories are fundamental for juvenile survival in streamdwelling salmonids [26, 56] , and prior residency of territories can influence the outcome of competitive interactions [57, 58] . In addition, prior residency may have influenced dispersal patterns of laboratory-born fish. Dispersal in closely related Atlantic salmon varies as a function of local stream density, implying competition for limited areas for feeding [59] . As in many capture-mark -recapture experiments, our estimates of survival are confounded with emigration, and we cannot rule out the possibility that individuals that were not recaptured, and thus were presumed dead, moved outside the experimental sections. Our experimental streams and locations of releases were specifically chosen to minimize movement, but controlling for downstream emigration was not feasible (for details, see the electronic supplementary material). Ultimately, we assume that if individuals were displaced downstream it was the result of competitive exclusion [25, 38, 39] consistent with our goal of quantifying relative performance among released groups.
In contrast to survival, patterns with growth rate as a proxy for fitness or performance were less clear. This suggests caution in using non-survival-based metrics of fitness for tests of adaptation. That being said, we did observe patterns consistent with growth adaptation in some comparisons; laboratory-born and wild-born Middle Rocky Brook individuals grew faster than foreign groups in their local environment. However, these patterns were not consistent enough in other locations to warrant robust conclusions. Growth in the home versus away criterion revealed evidence of potential gene Â environment interactions, but interactions were not consistent with patterns of adaptation. The more than doubling of average growth observed in Rennies and Waterford compared with Middle Rocky Brook did not translate to higher average survival (mean survival of all groups among locations was 4.8% + 0.02, 5.3% + 0.01 and 4.9% + 0.01), again evidence that growth and survival are not equivalent fitness proxies. Laboratory-born fish survived at lower rates than wild-born fish in Rennies and Waterford, despite faster growth than the wild-born groups. The rapid growth by the laboratory-born groups may represent compensatory responses to conditions conducive for growth in Rennies and Waterford, but may have come at a cost to survival. Indeed, compensatory growth patterns in salmonids appear to be heritable, under selection, and capable of evolving [36, 60] . Finally, we observed that growth of the Middle Rocky Brook population was faster than individuals from the Rennies or Waterford populations when reared in the common-laboratory environment. This finding again suggests underlying genetic differences in growth potential among populations, though we cannot rule out lingering maternal effects as Middle Rocky Brook individuals were originally spawned from significantly larger eggs.
The patterns in survival and growth we observed are likely to be the result of divergent ecological selection; however, the proximate mechanisms that favour local over foreign individuals are not known. Unfortunately, ecological agents of selection are often difficult to illuminate in reciprocal transplant designs [43, 54] . Predation can promote adaptive divergence [61] and may have played a mechanistic role in shaping the outcomes we observed. For predation to play an important role, populations would need to differ in their susceptibility to predators. Body shape and cryptic morphology differ in these populations [31] , but the link to predator avoidance is not known. Notwithstanding extensive sampling of potential fish predators, we documented only one case of predation: cannibalism of a tagged Waterford individual by an untagged yearling brown trout in Middle Rocky Brook. The lack of tag recoveries in predators is not surprising as predation is notoriously difficult to observe and quantify in the wild [61, 62] . Based on water temperatures during the experiment, ingested tags would probably have spent only around 20 h in the digestive system of predators according to gastric evacuation models [63] . In addition to cannibalism, Rennies and Waterford contain populations of American eels (Anguilla rostrata), which are known predators on small salmonids [64] . Yet no ingested tags were found in captured eels, and overall the average apparent survival was equal among locations, irrespective of potential predators.
The evidence for rapid evolution following naturalization to new environments by non-native species is now incontrovertible (reviewed by Sax et al. [65] ). Our results contribute to the mounting evidence that evolutionary change in colonizing species is adaptive and frequently driven by divergent ecological selection across the landscape [3] . Rapid evolutionary change can increase the capacity of invading species to colonize new habitats (reviewed by recent studies [23, 66] ) and spread further. For example, introduced toads in Australia [14] and Chinook salmon in New Zealand [13] display adaptive evolution in dispersal and reproductive traits tied to population vital rates. Native species can also evolve quickly [9] , but what remains to be seen is whether adaptive responses by natives will be sufficient to allow them to persist [67] or even flourish [68] in an increasingly homogenized global biotic community. 
